We present a new deep 21-cm survey of the Andromeda galaxy, based on high resolution observations performed with the Synthesis Telescope and the 26-m antenna at DRAO. The Hi distribution and kinematics of the disc are analyzed and basic dynamical properties are given. The rotation curve is measured out to 38 kpc, showing a nuclear peak at 340 km s −1 , a dip at 202 km s −1 around 4 kpc, two distinct flat parts at 264 km s −1 and 230 km s −1 and an increase to 275 km s −1 in the outermost regions. Except for the innermost regions, the axisymmetry of the gas rotation is very good. A very strong warp of the Hi disc is evidenced. The central regions appear less inclined than the average disc inclination of 74
INTRODUCTION
In the last decade, several efforts have led to a better understanding of the building history of the disc of the Andromeda galaxy (hereafter M31, Table 1), the most nearby massive spiral galaxy to the Milky Way (MW).
One of the most exciting result is probably the discovery of an extended stellar halo around M31 (Ibata et al. 2001) . More and more studies are completing this new view of the stellar distribution of M31 and are revealing little by little the complex chemical, kinematical and morphological nature of its halo (Ferguson et al. 2002; Reitzel & Guhathakurta 2002; Ibata et al. 2004 Ibata et al. , 2005 Brown et al. 2006; Guhathakurta et al. 2006; Kalirai et al. 2006a,b; Martin et al. 2006; Faria et al. 2007; Majewski et al. 2007; Brown et al. 2008; Chapman et al. 2008) . Basically, these authors find that the outskirts of the stellar disc are very clumpy and irregular, and the extended halo is a mix of many metal poor and rich substructures like the south-eastern Giant Stream (GS) and other seemingly shorter streamlike extensions, low luminosity dwarf satellites and globular clusters, as well as an old metal poor underlying (primordial?) halo which extends up to at least 150 kpc (in projection). These stellar tidal features and companion galaxies are the probable main imprints of the hierarchical growth of the M31 stellar disc and halo, like the ones encountered in numerical models of dark matter evolution in the framework of the Cold Dark Matter (CDM) paradigm (e.g. Frenk et al. 1988; Klypin et al. 1999; Springel et al. 2005) . Numerical models trying to explain the presence of the GS tidal debris around M31 propose a tidal interaction with a ∼ 10 9 M ⊙ galaxy progenitor ).
The gas content in the halo of M31 has also been probed recently from deep Hi measurements, allowing the detection of a population of discrete low luminosity clouds, with masses in the range of 10 5 to 10 7 M ⊙ (Thilker et al. 2004; Westmeier, Braun & Thilker 2005) . The authors suggest that those clouds could be the analogs of the high-velocity Hi clouds seen around the MW (Wakker et al. 1999) . They also suggest a manyfold origin of that gas (residual from galaxy merger or interaction, cooling flow in the Local Group, etc...), which may only contribute to ∼ 1% of the total Hi disc mass of M31. Hi gas clouds from the intergalactic medium could thus also be the building blocks of M31.
At the same time, the advent of the new generation of X-ray, ultraviolet and infrared space observatories allows to probe the structure of the interstellar medium of M31 with unprecedented details (Williams et al. 2004; Thilker et al. 2005; Barmby et al. 2006; Gordon et al. 2006; Stiehle et al. 2008) . For instance, the mid-infrared images reveal a dominant ring-like distribution for the dust component. Its perturbed morphology seems to have been shaped by the passage of the companion Messier 32 through the M31 disc Block et al. 2006) . A high resolution kinematical survey of the molecular gas contained in the ring and spiral structures has also been presented (Nieten et al. 2006) . A large part of the Hi studies that have been done on M31 go back up to ∼30 years ago (Guibert 1973; Emerson 1974; Newton & Emerson 1977; Cram, Roberts & Whitehurst 1980; Unwin 1980a,b; Brinks & Shane 1984) . These data were acquired at low spectral and/or angular resolution data and did not necessarily cover the whole disc of the galaxy, mainly for sensitivity reasons. Another more recent Hi study of M31 has been presented in Braun (1990) from VLA observations. Perhaps the most important result from all these studies is that the Hi disc of M31 exhibits a warp whose effects are remarkable in the datacube by the presence of many spectral Hi peaks along different line-of-sights. Another interesting result by Braun (1991) is the modeling of a rotation curve that appears to decline as a function of the galactic distance. A study of the mass distribution using this rotation curve only requires stellar bulge plus disc components, with no need of any dark matter halo. If it is really the case, M31 would be very different from every other spiral galaxies which are known to exhibit a flat rotation curve (or even increasing) at large galactocentric distances and thus to contain a massive hidden mass, unless the law of Gravity is modified in these acceleration regimes (Milgrom 1983 (Milgrom , 2008 .
This result was the main motivation to get single dish observations along the photometric major axis for the approaching disc half. Indeed, radial velocities of the Hi gas in the receding side of M31 are contaminated by Hi gas in the MW. We concluded that the outer Hi rotation curve can not be decreasing but seems remarkably flat at the largest radii . However, since it was not possible to model the warp properly with those single dish data, it was decided in 2005 to get full 2D velocity information from wide-field synthesis observations at DRAO.
In this article, we present preliminary morphological, kinematical and dynamical results obtained from the analysis of the DRAO Hi observations. The direct objectives of this article are to present the most extended Hi distribution of M31, to derive an accurate Hi rotation curve in order to verify whether the rotation velocities really decrease at large galactocentric distances or really remain constant, as well as to derive its basic dynamical parameters.
It is worth mentioning here the very recent, wide-field and high angular Hi imaging presented in Braun et al. (2009) with the help of the WSRT and GBT telescopes. Future results from that very deep dataset will surely serve as independent comparison with those we present in this article and in other forthcoming papers from this series.
The article is organized as follows. Section 2 describes Walterbos & Kennicutt (1987) d Ag = 0.33 , A(i) = 0.8 log (R 25 ) = 0.39 c Walterbos & Kennicutt (1988) the DRAO observations and the basic data reduction steps. Section 3 describes the line fitting procedure as well as how the Galactic Hi was subtracted from the datacube. Section 4 describes the Hi content and distribution while section 5 concentrates on the kinematics and on the calculation of the Hi rotation curve. A comparison with results from different studies is also done in this section. An analysis of the perturbed outer regions of the disc is done in section 7. Finally, a study of mass distribution models is done in section 8. Concluding remarks are given in section 9.
All velocities are given in the heliocentric rest frame and a Hubble's constant of H 0 = 73 km s −1 Mpc −1 is chosen throughout the article (Spergel et al. 2007 ). Since the symbol R refers to as the galactocentric radius and most of the magnitudes and luminosities are given in the photometric R−band, no subscripts are attached to magnitudes or luminosities for clarity reasons, except where explicitely mentioned.
OBSERVATIONS AND DATA REDUCTION
2.1. HI emission line observations A total of five fields towards M31 were observed in the 1420 MHz continuum and 21 cm line with the Synthesis Telescope (ST) at the Dominion Radio Astrophysical Observatory (DRAO) between September and December 2005. This interferometer consists of seven 9 metres diameter antennae along an East-West baseline 617.1 m long. The primary beam of each element is 107 ′ .2 (FWHM), and structures down to the resolution limit of 58 ′′ ×58 ′′ / sin(δ) in the 1420 MHz line are resolved within this beamwidth (a Gaussian taper to the u, v data is applied, broadening somewhat the synthesized beamwidth up from the nominal 49 ′′ × 49 ′′ / sin(δ) resolution in the continuum). Further instrumental details on the DRAO ST are found in Landecker et al. (2000) . Tables 2 and 3 list the observational parameters and field-of-view centres for the five individual aperture synthesis observations. Fields were chosen such that a spacing of ∆ =77
′ between centres was observed, giving nearly equal sensitivity over the whole area surveyed. The exposure times per field was 144 hours. Hi emission line images are made in each of 256 channels across a 4 MHz bandwidth centered on v = −300 km s −1 . The spectrometer gives a resolution of 5.27 km s −1 , and each channel samples a width of ∆v = 3.3 km s −1 . The Hi line datacube spans 843 km s −1 . The theoretical noise at the pointing centre is 1.75 sin(δ) K, corresponding closely to the measured values in Table 3 (for channels free from Hi emission).
To depict structures accurately in the radio continuum and Hi line images (especially those of angular size ≥ 56 ′ , missed by the interferometer due to its shortest baseline limit of 12.9 m), low spatial frequency information is routinely added to each ST map. These "short-spacing" data are obtained from Hi line observations made with the DRAO 26-m paraboloid (Higgs & Tapping 2000) . The flux is corrected for stray radiation entering through the sidelobes, and the continuum is subtracted from all channels before the integration with the ST observations. The spatial resolution of these data is 37 ′ ×35. ′ 3; all spectrometer settings were the same as for the ST data.
Data Reduction and Mosaicing
Prior to mosaicing our five fields together, we perform some standard data processing steps (processing methods are similar to those developed for the Canadian Galactic Plane Survey CGPS, described in Taylor et al. 2003) . First, a continuum baseline level is removed from each datacube. Average emission line-free channels at both the low and high velocity ends of the cube are made, and a linear interpolation (determined from these two continuum maps) is then subtracted from each channel map in the datacube. To calibrate the flux scale of each cube, we compare point sources in the average of the two continuum end-channels to those in the 30 MHz continuum band map of each field (these maps are first CLEANed around the strongest sources). This can be done since continuum maps are flux calibrated against several strong sources that are routinely observed by the ST (e.g. 3C 48, 3C 286; see Table 1 of Taylor et al. 2003 , for sources and fluxes). An error-weighted mean of the flux ratio S 1420 cont /S HI cont for all point-sources above a cutoff level (20 mJy beam −1 ) is obtained; this sample is further trimmed by rejecting sources ±0.5 away from the mean. Typically, 20-30 sources remained in the sample for each field. The uncertainty in the flux calibrated this way is ∼5%.
The The final step consists in merging interferometer data with single-dish (26-m telescope) observations. For simplicity, this merging is performed in the map plane (as opposed to the u, v visibilities plane, as is done for the CGPS; see Taylor et al. 2003 ) using the procedure described below. The interferometer mosaic is first convolved to the resolution of the single-dish mosaic; this is then subtracted from the 26-m mosaic. The resulting difference map should contain Hi structures invisible to the interferometer, so it is added back to the full-resolution ST mosaic. This procedure gives equal weight to low and high spatial frequency structures, and while it is somewhat different from the method used in the CGPS (where a tapering function weights the overlapping spatial frequencies of both maps), the results of both approaches are very similar for Hi line images.
A spatial binning of 2×2 pixels is finally applied to the datacube in order to decrease noise in the spectra. The datacube has a final dimension of 512×512 pixels, with a pixel size of 43.
′′ 75. This angular sampling is well sufficient for the kinematical and dynamical purposes. It corresponds to 167 pc at the distance of 785 kpc. The DRAO synthesized beam size of ∼ 60 ′′ × 90 ′′ samples a linear scale of ∼ 230×340 pc in the Hi disc of Messier 31. It is as resolved as a typical Hi mapping of 10 Mpc distant discs observed with a high resolution beam resolution of e.g. 5
′′ . The present Hi observations can thus be considered as high resolution ones and for this reason no correction for beam-smearing is needed.
3. Hi DATACUBE ANALYSIS 3.1. Previous works Hi spectra of Messier 31 are known to exhibit multiple peaks in emission (e.g. Newton & Emerson 1977; Cram, Roberts & Whitehurst 1980; Bajaja & Shane 1982) . It is also the case in molecular gas observations (Dame et al. 1993; Loinard et al. 1999; Nieten et al. 2006) . For the Hi data, this is particulary well illustrated along positionvelocity (PV) diagrams made parallel to the major axis in Cram, Roberts & Whitehurst (1980) or Brinks & Burton (1984) , where a second velocity peak is seen in addition to the main (brighter) peak. Both these lines draw a tilted figure-eight shape in which the main peak traces the usual rotating pattern of the disc (steep velocity rise in the inner regions sometimes accompanied by a flatter velocity part in the external regions) and the second peak shows a linear (shallower) velocity rise all along the slices.
With the noticeable exceptions of Brinks & Shane (1984) , Brinks & Burton (1984) or Braun (1991) , the previous Hi studies of M31 analyzed their data with a single emission line approximation in order to derive an integrated emission map, a velocity field or a rotation curve. For instance, Newton & Emerson (1977) reported that when two peaks are detected, the radial velocity of the spectrum is chosen at the barycentre of the lines. Though it seems a reasonable hypothesis in regard to the low spectral resolution of all these old observations, it surely provides a biased velocity distribution for M31. Integrated fluxes and velocities are uncorrectly estimated when lines are blended.
A simple explanation for the origin of two components comes from the fact that the Hi disc of Messier 31 is warped at large galactocentric radius. Because the disc is highly inclined, the projection effects enable us to cross two times the disc along the line-of-sight (Hi gas is supposed to be optically thin). The line-of-sight velocities are thus composed of a main Hi component lying in the internal disc region in addition to a secondary component lying in the external warped region of the disc but seen projected at small radii. The presence of the warp were the reasons that led Brinks & Burton (1984) to analyze the WSRT data differently from the other studies by a warped and flaring Hi layer model. They proposed two velocity fields, one for the disc and another one for a separate, external warped structure. From this, they deduced that about 39% of the total Hi mass of the disc could reside beyond 18 kpc, in its warped region.
3.2. Current analysis 3.2.1. Evidence for multiple HI spectral components A provisional study of the DRAO datacube has been presented in Carignan, Chemin & Foster (2007) where moments maps were derived by fitting a single gaussian to each spectrum of the datacube. We extend here this simplistic view of our data to a more detailed analysis where multiple Hi components are now fitted to the spectra. The high-sensitivity observations indeed reveal a new more complex view of the neutral gas in M31 than what has been shown in past Hi studies. Figure 1 displays several Hi spectra picked at different positions through the datacube. The Hi spectra exhibit almost all the time more than one component, sometimes up to 5 peaks. This result confirms the basic view shown in e.g. Brinks & Burton (1984) where two Hi components are shown (and sometimes more), but largely extends the detection of new multiple spectral components in the datacube. One clearly wants to emphasize here that a single or two peak analysis cannot apply straightforwardly to the current data. This would provide biased intensity, velocity and velocity dispersion maps.
Contamination by the Milky Way
A usual problem with observations of M31 is the contamination from the MW. M31 is so massive that its receding half can reach radial velocities that coincide with those of the Galaxy. However most of Galactic Hi remains relatively easy to detect and to model because its lines can be observed almost everywhere in the field of view (Fig. 2) . We detect two major Galactic lines. A first bright component is found at −4 ± 2 km s −1 for a velocity dispersion of 6 ± 3 km s −1 as deduced from 66000 spectra. This line does not contaminate the emission from Messier 31 due to its too high radial velocity. Another line is found at −40 ± 11 km s −1 for a velocity dispersion of 18 ± 10 km s −1 , as deduced from 19500 spectra free from M31 Hi emission. This is the line that mostly contaminates the NE half of M31. Another minor Milky Way line is observed around −20 km s −1 (see Fig. 2 ). This emission line does not contaminate the signal from M31 because of its high radial velocity. Other very faint lines only revealed by very high contrast imaging are found around −70 km s −1 and −90 km s −1 . Their contribution to the whole emission is very negligible.
The method used to subtract the MW emission from the datacube is similar to the one employed by Braun et al. (2009) . For each channel map, a mask containing pixels with Hi emission of M31 is first created. The mask covers a small fraction of the field-of-view and allows to blank the Hi emission of M31. A two-dimensional model of the Galactic emission is then generated by fitting a 3 rd order 2D-polynomial to the blanked channel map. The 2D model is then subtracted from the initial channel map. This method allows to remove most of the galactic Hi. Residual MW contamination is removed by hand during the cleaning of the multiple velocity fields (see §3.2.3). We tried another approach to remove MW Hi by simultaneously fitting gaussian lines in addition to Hi from M31. However that subtraction method had to be rejected because too many negative residuals are created in the cube, introducing artificial local minima in the integrated emission map. As claimed in Braun et al. (2009) it is very difficult to define whether small scale Hi structures observed around the disc of M31 are bound to Andromeda or simply Galactic cloudlets. For simplicity reasons, we decide to ignore the gas emission out of the main disc in the following analysis.
There is no clear mention in older Hi studies of M31 of Galactic emission around ∼ −40 km s −1 . It is thus possible that measurements of the Hi flux and velocity dispersions are overstimated for the receding half of the disc in those works. However their velocity fields remain very marginally contaminated.
Emission line detection and fitting
The detection of emission lines is done by keeping all channels above a 3σ level, where σ is the intensity dispersion derived from half of the spectrum. This dispersion measurement is justified by the fact that most of the channels are free from Hi emission. The method to locate a peak in the remaining channels is a usual slope computation technique. An emission line is detected when the slope sign does not change along at least two consecutive channels, as measured both to the left and right sides of a peak. Once detected, velocities and amplitudes of these peaks serve as initial guesses for the minimization step where gaussian profiles are fitted to the spectrum. A "continuum" value is fitted as an additional parameter as well. It is very close to zero because a baseline has been subtracted in each pixel during the data reduction (see §2.2). Boundary constraints are applied to the parameters (amplitude, velocity centroid and dispersion). A velocity centroid has to be fitted within the observed spectral range, a velocity dispersion has to be greater than one channel width and lower than an artificial (unexpected) large value of 130 km s −1 and a peak amplitude has to be greater than zero and lower than the highest intensity observed in a spectrum. Results of spectral fittings of 1 to 5 Hi components are displayed in Fig. 1 . A final cleaning step is then applied to the data. All fitted lines whose amplitude is larger than a threshold of 3σ were kept. All lines whose velocity dispersion is greater than 60 km s −1 are discarded because such high values turn out to be very rare and, above all, unrealistic. Obvious residuals of MW emission are also removed from the different maps. As a result of this filtering procedure, among the 25350 available spectra in the Hi datacube and in which at least one component is detected with a signal-to-noise ratio of at least 3, two peaks are detected in ∼66% of them, three peaks in ∼35% of them, four peaks in ∼14% of them and five peaks in ∼3% of them. A large number of Hi components (> 3 peaks) is therefore rare in the datacube.
HI DISTRIBUTION AND KINEMATICS

Integrated properties
The flux in each individual channel was summed to give the global Hi profile of Figure 3 . The profile is relatively regular. The two peaks are almost perfectly symmetric. An asymmetry is nonetheless observed between them. There is more gas in the receding side of the galaxy than in its approaching part. An intensity-weighted systemic velocity of −299 ± 3 km s −1 and a midpoint heliocentric radial velocity of v = −297 ± 3 km s −1 are derived. The measured profile widths at 20% and 50% levels are W 20 = 533 ± 3 km s −1 and W 50 = 509 ± 3 km s −1 . This can be compared to the RC3 (de Vaucouleurs et al. 1991) and W 50 = 510±7 km s −1 , which show a good agreement with ours within the errors.
The integrated flux of 29221.4 Jy km s −1 implies a total Hi mass of 4.23 × 10 9 M ⊙ . This mass is larger by 15% than the one measured in Brinks & Burton (1984) , is comparable with the estimate by Cram, Roberts & Whitehurst (1980) and is smaller by 25% than the one derived in Braun et al. (2009) (before opacity corrections). The difference between all mass estimates is likely due to the various sensitivities of the observations and to the accuracy of the subtraction of the contamining MW emission.
4.2. The 3D structure of M31 Figure 4 displays the total Hi integrated emission of M31 and a 3D view of the datacube is shown in Fig. 5 . The lowest Hi column density of the DRAO observations at a 3σ peak detection level is ∼ 1.7 × 10 19 cm −2 and the highest Hi column density is ∼ 5 × 10 21 cm −2 . The maximum disc extent is R ∼2.6
• (R = 36.4 kpc), as derived along the photometric major axis. It corresponds to 1.67 R 25 and 6.48 R d , with R d being the stellar disc R−band scale-length derived in §8.2.1.
The high resolution Hi map reveals a disc with very little gas in its central regions, a feature usually observed in early-type discs. Two ring-like structures are observed around R ∼ 10 ′ (2.5 kpc) and R ∼ 20 ′ −25 ′ (4.6-5.7 kpc). We refer to them as R1 and R2 in Fig. 5 . At such high inclination it is difficult to firmly claim whether they are real rings, like e.g. those created by gas accumulation at the location of inner or ultra-harmonic Lindblad resonances, or tightly wound spiral arms. They are coincident with dusty ring-like structures observed in NIR images from Spitzer/IRAC data ) as well as with molecular gas ring-like structures (Nieten et al. 2006) . Another wider bright ring-like structure is observed for 40 ′ < R < 80 ′ (9.1-18.3 kpc). Though it is often referred to as the "10-kpc ring" of M31, its morphology is more complex than a regular ring because holes are observed in it, as seen e.g. in the approaching side of the disc. Long spiral arms are then clearly seen at large radii. The most prominent spiral arm of M31 is observed in the south-western half of the disc.
A faint external spiral arm (label EA of Fig. 5 ) is discovered on the edge of the receding half of the disc (southern part of the NE quadrant of Fig. 4 ). It is connected to the long spiral arm which arises from the SW and its apparent end is clumpy (see region around
Other new structures that were not seen in old Hi data are the two disc extremities to the SW and NE (labels "SE" for south-western extension and "N1"/"N2" for northern spurs in Fig. 5 ). Here thin and faint gaseous extensions are observed. Their gas distribution and kinematics are discussed in more details in §7.
The top and bottom panels of Fig. 5 is the right ascension-declination view of the datacube while the middle panel is a rotation of this later by 90
• with respect to the horizontal axis (disc photometric major axis). It is thus a position velocity plot of the whole datacube projected onto the major axis. Vertical lines are drawn to guide the eye in order to link the kinematics to the spatial distribution of the Hi gas. The main features of the diagram are :
• All spiral-and ring-like structures do not cross at the same location in the centre of the diagram (v = −300 km s −1 ). This is probably caused by a lopsided nature of the disc.
• Except for the external arm (EA), all spiral-and ring-like structures have a symmetric counterpart with respect to the galaxy centre. This symmetry is not regular in velocity amplitude within ∼ 50 ′ around the centre, as seen for instance with the velocity peaks of the ring-like structure R2. This is also caused by the disc lopsidedness, as well as other probable noncircular gas motions in the central parts.
• A steep velocity gradient is observed in the innermost ring-like structure (R1).
• The northern spur N2 appears as a kinematical extension of the external arm in the velocity space.
The neutral gas distribution of the DRAO observations is consistent with Hi images from many other works (Cram, Roberts & Whitehurst 1980; Roberts & Whitehurst 1975; Bajaja & Shane 1982; Emerson 1974; Brinks & Shane 1984) . The agreement is better with the deep WSRT observations of Braun et al. (2009) because of the comparable sensitivity with the DRAO observations. Their Hi image do show the external arm as well as the north-eastern spurs and south-western extension. It thus leaves no doubt about their presence in the disc outskirts of M31.
The gas distribution for all detected Hi components is shown in Figure 6 . In each pixel, the components are displayed by decreasing integrated emission from left to right. A brief discussion on the origin(s) of all these Hi peaks is proposed in §6
KINEMATICAL ANALYSIS
In Brinks & Burton (1984) , a 3D model of WSRT observations was presented in order to reproduce the complex structure of the datacube. They proposed a flared and warped disc model for M31 that can explain the presence of double Hi peaks observed in most of pixels. Not all of the dozen free parameters of their model are directly fitted to the datacube. Some assumptions deduced from the observations had to be made. For instance, the modeled rotation curve they use and that comes from the bulk velocities observed along the photometric major axis is flat all through the inner disc (except in the central regions), with a maximum velocity of ∼ 250 km s −1 . Another 3D model derived from the same WSRT data and Hi observations of Emerson (1974) is presented in Braun (1991) . It describes the gas and velocity structures in terms of spiral density waves and shows a central disc which is tilted by ∼15
• from the median plane of the galaxy. Modeled position velocity diagrams reveal a complex velocity structure (see Fig. 5 
of Braun 1991).
A complete 3D analysis of the DRAO datacube taking into account both a warped and flaring disc, with spiral and/or other density waves, in addition to other processes like e.g. a lagging halo, as observed in other galaxies (Fraternali et al. 2001 (Fraternali et al. , 2002 Barbieri et al. 2005; Oosterloo et al. 2007) , is beyond the scope of this article that aims at presenting preliminary dynamical results from more simple geometrical and kinematical hypothesis. We only analyze the kinematics of the bulk rotation of M31 by fitting a tilted-ring model to a velocity field, similarly to what is usually done in many other extragalactic studies. The inclination of the disc is very well suited for such a model because the degeneracy between the rotation velocity and the inclination is small around 75
• (Begeman 1989) . Probably the major ambiguity with our analysis comes from that it seems difficult to decide for pixels that exhibit more than one peak which of the spectral components is the best tracer of the bulk disc rotation. Several methods can be applied to sort the different lines and build a useful velocity map. For instance, lines can be sorted by their amplitudes, integrated fluxes, velocity centroids or widths. There is generally one line whose peak amplitude or integrated intensity strongly dominates the spectrum. However choosing the brightest peak for the bulk rotation such as what is shown in Fig. 6 remains problematic in pixels where the Hi emission is dominated by other structures than the bulk disc (like extraplanar gas) or when the projection effects contaminates the emission. In particular, the Hi emission in the central regions is dominated by gas from the warped part of the disc. This is illustrated in the position velocity plot made along the major axis of the galaxy ( Fig. 7 ; see also Brinks & Burton 1984) . The steep innermost gradient of the faint central ring-like structure is dominated by the shallow linear emission from the warped gas. Choosing this brightest later line would lead to discontinuities in the velocity field and thus to an erroneous inner rotation curve. For each pixel a good compromise is to select the component that has the largest velocity relative to the systemic velocity of the galaxy while avoiding isolated faint features. It permits rejection of the bright component from that shallow linear emission, which is closer to the systemic velocity, and the components beyond the flat part of the position-velocity diagram, which come from possible extraplanar gas (e.g. high velocity clouds). The velocity field that is generated following that method is shown in Fig. 8 and a velocity cut along its major axis is reported in Fig. 7 as a green line. That map probably allows to obtain the best velocity continuity with no 3D model of the datacube. Hereafter we refer to the "main component" the Hi line that has been chosen to derive this velocity field. The mass attached to the main component is 2.49 × 10 9 M ⊙ .
5.1. Tilted-ring model The kinematical parameters and rotation curve are determined by fitting a tilted-ring model to the velocity field following the procedure described in e.g. Verheijen & Sancisi (2001) or Chemin et al. (2006) . Briefly, the rotcur task (Begeman 1989 ) of the GIPSY data reduction software (van der Hulst et al. 1992 ) is used to fit the variation of kinematical parameters as a function of radius. It is considered here that gas motions are along circular orbits. Hence, no axisymmetric radial motions (gas inflow or outflow) or vertical motions perpendicular to the galaxy plane are derived so that sky plane velocity v obs can be written as the projection of the only rotation velocity along the line-of-sight v obs = v sys + v rot cos(θ) sin(i). Here θ is the azimuthal angle in the galactic plane, i the inclination and v sys the systemic velocity of M31.
In the innermost regions of the disc the largest radial velocities are mostly not detected around the (photometric) major axis but at |Y | > 0. As a consequence we decided to use the full velocity field to do the tilted-ring model analysis. We have verified that the basic results are not affected by the choice of the opening angle around the major axis by comparing with results obtained using a smaller angle (half-sector of 30
• instead of 90 • ). As expected, the parameters derived using the full coverage of the kinematics are better constrained and the rotation curve is probed more deeply towards the galaxy centre for the large opening angle than for the small one. The shape of the rotation curve is unaffected by the opening angle.
Notice however that a | cos(θ)| weight is applied to the data points during the fitting, giving less weight to pixels close to the minor axis. This is because the contribution of v rot to the line-of-sight velocities is less important along the minor axis (see also Begeman 1989; de Blok et al. 2008) .
One has to notice that the NE spur "N2" and the external arm have been masked for the tilted-ring model analysis because their kinematical properties make them not linked to the disc or the other adjacent spur-like structure (see Figs. 5, 14 and §7) . Leaving them in the velocity map would add large scatter in the results as well as a fail of the tilted-ring model at some outer radii. The location of the dynamical centre and systemic velocity v sys are first fitted to the velocity field by keeping the disc inclination i and position angle of the kinematical major axis P.A. fixed at the photometric values (∼ 75
• and ∼ 38
• respectively). The fitted systemic velocity of M31 is v sys = −304.5 ± 6.8 km s −1 , whose value is in very good agreement with what is found using the integrated spectrum ( §4). The location of the dynamical centre is found to be offset from the photometric centre by ∼ 0.55 kpc (in projection). However, the dispersion around that location is ∼ 0.68 kpc (in projection), showing that this offset is not really significant.
Then the variation of i, P.A. and v rot are measured. The position angle is generally very well constrained with small uncertainties (see top panel of Fig. 9 ). It can be fixed in a next step to fit the inclination and the rotation curve. The radial profiles of i and P.A. sometimes display ring to ring wiggles that may look artificial (Fig. 9) . This is the reason why the smoothed profiles are used to derive the rotation curve in a final step. Model velocity and residual velocity maps are then generated. The fitting of the parameters and rotation curve is repeated until a minimum is found for the average and scatter of the residual map. Figure 9 displays the observed and smoothed profiles of P.A. and i and Table 5 lists the parameters.
Major axis and inclination variations
We identify five distinct regions in the profiles. First there is a central region R 27 ′ where the inclination (position angle) strongly increases as a function of radius by ∼ 40
• (10 • , respectively). Then a bump is observed between 27 ′ < R 62 ′ for the position angle which reaches its maximum at R = 45 ′ (P.A.= 39 • ). Then an extended region between 62 ′ < R 120 ′ where a very small increase of position angle is detected while the inclination remains remarkably constant around 74
• . Between 120 ′ < R 145 ′ a dip both in the inclination and position angle profiles is detected. The inclination drops down to 61
• and the position angle to 29
• . Notice that the uncertainties are larger in that radial range. Finally, beyond R = 145 ′ , the position angle remains constant while the inclination is observed to slightly increase towards larger values from 77
• to 80
• . The average Hi disc inclination is (74.3 ± 1.1)
• and the average Hi disc position angle is (37.7±0.9)
• , as measured for 27 ′ < R 120 ′ (from 6 kpc to 27 kpc). In that radial range, the kinematical inclination is therefore by 3
• lower than the one derived with optical surface photometry.
The HI rotation curve
The Hi rotation curve of M31 is shown in Fig. 10 . Its velocities are listed in Table 5 . The rotation curve is very peaked in the innermost regions, showing velocities up to v rot = 340 km s −1 . Here, the asymmetry between both disc halves is prominent. A velocity dip is then observed The uncertainties on the rotation velocities are derived as follows. If gas rotation is made on purely axisymmetric and circular orbits, then rotation velocities are exactly the same at opposite sides of the galaxy. If the disc is perturbed, then the axisymmetry is usually broken and differences between rotation velocities of the approaching and receding halves exist. We thus choose a definition of velocity uncertainties that also takes into account this effect. Uncertainties are indeed defined as the quadratic sum of the formal 1σ uncertainty from rotcur with the maximum velocity difference between rotation curves (both disc sides model values derived simultaneously minus the approaching or receding side model values derived separately, weighted by the number of points in each side). With this definition, each uncertainty is generally larger and more conservative than the very small one derived with rotcur. It draws a better representation of any departure from axisymmetry. As a result the largest uncertainties are observed in the central regions. Elsewhere the uncertainties on the rotation velocities are very small, generally lower than 10 km s −1 . It shows the robustness of the method used to select lines to create the velocity field. Notice that for some of the annulii beyond R = 148
′ velocities could only be derived for the receding half. At those radii, the uncertainty is fixed at the formal 1σ error provided by rotcur. Unwin (1983) . In the external parts the curves are in better agreement. The curve of Carignan et al. (2006) is flat at these radii, whose feature is not observed anymore. This is likely due to the assumption of constant position angle and inclination in our previous study. The agreement with the data points from Newton & Emerson (1977) looks better. Except for R < 3 kpc and for some points between 7 < R < 16 kpc, the agreement with the curve of Braun (1991) is not good. The low velocities he measures around 15 kpc and at large radius (down to v rot = 190 km s −1 ) cannot be reproduced from the tiltedring analysis. The origin of this discrepancy may be due to different choices of velocity components to extract the velocity fields. The agreement with the model of Brinks & Burton (1984) is good within 4 < R < 15 kpc and poor beyond 19 kpc because the rotation curve is not flat throughout the whole disc.
The warp of M31
Results shown in Figure 9 imply the presence of two warps in M31. The first warp is located in the central parts (R 6 kpc) where the disc orientation appears less inclined by ∼10
• (in average) than the disc. The dip at 4 kpc thus corresponds to perturbed motions located in the inner warped disc. The nuclear region (R < 2 kpc) is even more perturbed as it behaves like a "warp in the warp". Here rotation velocities, inclination and position angles are very different than anywhere else in the disc. Gas is observed to be very close to face-on. The very large uncertainties on the rotation velocities show that noncircular motions may be very important here. A second warp is detected in the outer parts (R > 27 kpc), where the disc is surprisingly oriented like in its inner warped part (P.A. and inclination) and then becomes more and more inclined at the largest radii. The fact that Hi gas is observed to start rotating faster where the outer warp appears is also probably a consequence of the inferred perturbed orbits. Notice however that the symmetry is excellent between both halves whereas it is not the case in the inner warp. This is not the first time that warps are evidenced in M31. One can mention results by Ciardullo et al. (1988) and Braun (1991) for the inner regions, and Newton & Emerson (1977) , Henderson (1979) or Brinks & Burton (1984) for the outer regions.
• Braun (1991) showed that the Hi distribution is tilted by 15
• in the inner 10 ′ (2.3 kpc). We confirm the presence of the inner Hi warp in the DRAO observations. It is actually observed to extend up to R = 6 kpc for a maximum tilting angle of ∼ 15
• and a maximum twisting angle of ∼ 7
• with respect to the average disc inclination and position angles as given above. If the perturbation in the nuclear region is genuine, then the warp is even more prominent, with maximum tilting and twisting angles of 42
• and 10
• .
• The ionized gas distribution is more circular in the bulge, implying a more face-on disc (Ciardullo et al. 1988) . Our measurement confirms this trend.
• Newton & Emerson (1977) derived warp parameters in the outer disc (R > 28.5 kpc, or 125 ′ ), with a decreasing position angle (down to 30
• ) and an increasing inclination (up to 83
• ). The shape, amplitude and locaion of the outer warp detected in the DRAO data are in agreement with their early result, though the inclination drops before becoming larger.
• Another modelization was done by Henderson (1979) , in which the warp starts at 18.2 kpc (80 ′ ) with an increasing inclination in step of 0.75
• per kpc, and a warped region rotated by 10
• with respect to the central disc position angle. This result is not totally consistent with our new result.
• In the model of Brinks & Burton (1984) , the disc starts to warp at ∼ 18 kpc, with a maximum warp angle of 15
• . We detect a gradient of inclination in agreement with that value, though it is seen to occur at larger radius.
According to Brinks & Burton (1984) , 39% of the total Hi mass resides in the warped part of the disc. This number has to be compared with the gas mass of the main component integrated within R > 27 kpc (0.14 × 10 9 M ⊙ ) added to the total mass of all other spectral components than the main one (1.74 × 10 9 M ⊙ ). It corresponds to 44% of the total Hi mass. This fraction is comparable with the prediction of Brinks & Burton (1984) , though being slightly higher.
ORIGIN(S) OF THE OTHER SPECTRAL COMPONENTS
No kinematical analysis is presented for the other spectral components than the main disc component. Only a brief discussion on their possible origin(s) is proposed here. So many Hi peaks like those observed in M31 are rarely evidenced in extragalactic sources. The sum of all of the integrated emission other than the main component represents 41% of the total Hi mass. A significant fraction of it is due to the overlap emission from the warp whose signature is more prominent at large Y than along the major axis due to the inclination of the disc. Another part is due to an additional gas component whose origin(s) can be manifold.
A first origin could be structures lying in the disc itself, like e.g. unresolved spiral arms by projection effects. Indeed, the 3 rd , 4 th and 5 th maps of Figure 6 show that projection effects may play an important role in creating multiple components due to the presence of more pixels at |Y | > 0 than along the major axis. Moreover the projected spatial distribution of the gas in the multiple peaks is principally concentrated within high surface density regions, like the Hi "ring" around 13 kpc and along the spiral arms. Notice here that more components are detected in the north-western front side of the galaxy than on the far side. Another internal origin of multiple components could be caused by expanding gas shells induced by stellar winds in star forming regions. Such a phenomenon has already been seen in other galaxies (e.g. Hunter, Elmegreen & van Woerden 2001) . Several spectra of M31 show more or less symmetric peaks centered about the main component and could point out gas outflow in high density regions of the M31 disc.
Other origins could be extraplanar gas in the form of e.g. a lagging halo or high velocity clouds. In recent deep Hi observations a lagging halo corresponds to the thick gaseous layer that is observed to rotate more slowly than the host equatorial thin Hi disc of spiral galaxies (Fraternali et al. 2001 (Fraternali et al. , 2002 Barbieri et al. 2005; Oosterloo et al. 2007) . The halo emission which is often referred to as an "anomalous" emission has a mass that can reach ∼ 30% of the total gas mass (Oosterloo et al. 2007) . It is thought to be gas infalling onto the disc, mainly due to a galactic fountain mechanism but also to the accretion from the intergalactic medium (Fraternali & Binney 2006 , 2008 . Models of gas in the halo show it has a larger velocity dispersion than gas in the cold disc (Oosterloo et al. 2007 ). The DRAO datacube exhibit many Hi peaks whose radial velocity is observed to be closer to the systemic velocity than the main Hi disc component and whose velocity dispersion is larger than the main disc component. It implies that M31 could host a lagging halo as well.
High or intermediate velocity clouds (HIVC) similar to those orbiting around the Milky Way (Wakker et al. 1999 ) are observed in a few galaxies among which M31 is a very good candidate (Thilker et al. 2004; Westmeier, Braun & Thilker 2005) . M31 HIVC detected by Westmeier, Braun & Thilker (2005) have a typical mass ∝ 10 5 M ⊙ for a size of ∼ 1 kpc. Similar high or intermediate velocity clouds could be detected in the DRAO field-ofview. Indeed the minimum detectable column density of the data corresponds to 1.6 × 10 4 M ⊙ per spatial resolution element (synthesized beam size).
One finally notices that no obvious forbidden velocities are detected in the high resolution datacube of M31 at a 3σ detection level. Forbidden velocity clouds (FVC) correspond to apparent counterrotating gas, like in NGC 2403, NGC 891 or NGC 6946 (Fraternali et al. 2002; Oosterloo et al. 2007; Boomsma et al. 2008) . The presence of FVC could point out ongoing accretion onto a host disc. As a consequence if any Hi gas accretion responsible of part of the multiple lines is occuring in M31, it does not seem to be done from apparent counterrotating material. A more careful search of HIVC or FVC in our datacube will require to filter the high resolution datacube in the spatial and spectral dimensions to increase the signal-to-noise ratio.
THE Hi OUTSKIRTS
7.1. The NE and SW spurs Neutral gas in M31 is detected out to ∼ 34.1 kpc in projection (∼ 36.3 kpc) in the SW approaching side (NE receding side respectively). Two extended thin spurs are observed at the north-eastern extremity of the disc while gas seems more confined in its south-western extremity. These structures are connected to the spiral arms as seen in Figs. 4, 5 and 12.
A column density of 6.2 × 10 20 cm −2 is reached in the south-western Hi extension. A velocity gradient is detected from −515 km s −1 to −530 km s −1 for a length of ∼ 30 ′ (6.8 kpc), in apparent continuity of the disc kinematics. The velocity dispersion of the Hi peaks is 12 km s −1 in its northern part while and lower values are seen in its southern part.
The NE spur (N1) is oriented North-South and has a length of ∼ 40 ′ (9.1 kpc). Its kinematics is in continuity with that of the disc. A velocity gradient from −85 km s −1 to −65 km s −1 is detected along it while the velocity dispersion of the Hi lines remains constant (∼ 8 − 10 km s −1 ). The highest Hi density column observed in it is 4.8 × 10 20 cm −2 . A small "hook-like" structure at α 2000 = 00 h 49 m 11.86
′′ is observed as part of the spur. The other spur-like structure (N2) is shorter (∼ 30 ′ ). A velocity gradient is also observed along it, from −160 km s −1 to −140 km s −1 . Its velocity dispersion is very low (∼ 5 km s −1 ) and is also seen to be constant. An average column density of 6 × 10 19 cm −2 is derived for it. Notice that the three Hi extensions have very few pixels with multiple spectral components.
Are these structures real? What could be their origin(s)? One has to notice first that these extensions are genuine structures of the disc because they are also observed in the WSRT image (Braun et al. 2009 ) and they cannot be mistaken with residuals from a bad subraction of MW Hi due to their kinematics. Then the kinematical properties of the two NE spurs strongly differ from each other. We argue they are part of two different Hi structures, though they are located in the same area of the field-of-view. On one hand a close inspection of the datacube points out that the spur N2 seems to be a kinematical extension of the external spiral arm of M31 (Fig. 5) . On another hand the brightness and kinematical properties of the spur N1 and the SW extension are quite similar. In particular they are responsible of the velocity rise that occurs at the outermost radii of the rotation curve. What is also remarkable with them is that they both overlay or point towards two diffuse stellar clumps, as seen in Fig. 13 . This image displays the Hi column density contours superimposed onto the stellar distribution, as measured from deep photometry (Ibata et al. 2001 . The SW extension is coincident with the G1 clump while the NE spur coincides with part of the northeast clump. According to Ibata et al. (2005) stars in the G1 clump rotates by 68 km s −1 faster than the disc, which is considered to rotate at ∼ 230 km s −1 in their model. The true rotation velocity in the southwestern extension is not observed constant at large radii, but increasing. This increase implies a lagging velocity of up to 45 km s −1 larger than the velocity of ∼ 230 km s −1 . The lagging velocity of gas is thus lower than that of stars. The spur N1 to the North-East is observed to rotate faster than v rot = 230 km s −1 as well by a similar amplitude than in the southern spur, while the NE stellar clump is observed to rotate slower. Hence gas and stars follow the same velocity trend in the SW region of the disc, while it does not seem to be the case in the NE region. Notice however that stellar velocities are less certain in the NE clump because of the contamination by MW stars. It nevertheless indicates a strong relationship between stars and gas at the outskirts of M31, at least in the SW region.
The star formation history and metallicities of the northeast and G1 overdensities led Faria et al. (2007) and Richardson et al. (2008) to propose they could be material initially formed into the disc that have been stripped by tidal effects. The kinematics of the Hi spurs imply that they are bound to the disc. Though they seem to rotate faster than gas, it is likely that stars in the external clumps are also bound to the disc of M31. A fit to the velocity field of a radial motion v rad sin(i) sin(θ) in addition to the rotational one gives an average valuē v rad = 6.2 km s −1 with a standard deviation of 7.4 km s −1 for R > 150 ′ (R > 35 kpc). By assuming that the spiral arms are trailing in the disc and by looking at the distribution of dust lanes in optical images of M31, the front side of the galaxy is to the NW of the major axis and the rotation is done counterclockwise. Therefore, at first order outflow motions are detected in the outskirts of M31 because of the derived positive radial velocities. At second order these radial motions could be mistaken by the presence of either vertical motions to the galaxy plane, which would thus be of Fig. 9 ), or elliptical streaming in e.g. a m = 2 perturbing potential. However that later hypothesis is less uncertain here because no evident spiral structure is seen at those radii but rather thin "filamentary" Hi spurs. The reality is probably a combination of these hypotheses (pure outflow, z-motions and elliptical streaming).v rad ∼ 6 km s −1 is likely an upper limit of any possible outflowing motions. Such radial motions are consistent with the scenario proposed by Faria et al. (2007) or Richardson et al. (2008) . Indeed, one expect outflow motions in the disc outskirts if tidal stripping is occuring. N-body models would be helpful to firmly validate the detection of ongoing outflow in the outskirts of M31.
The external arm
The external arm is another new perturbed structure in M31. It has many properties different from other disc structures. It has no identifiable morphological and kinematical symmetric counterpart 6 with respect to the galactic centre. Its kinematics significantly differs from radial velocities within the disc (Fig. 5) . It does not contain so many pixels with multiple Hi peaks. It is one of the faintest structures detected in the field-of-view with a brightness comparable to interarm regions. The total Hi mass attached to this structure is 1.1 × 10 8 M ⊙ . Its apparent length is 2.33
• or 32 kpc. The kinematical difference with the disc is caused by different orientation angles. Indeed its position angle and inclination are ∼ 6 The only noteworthy Hi feature which could be a counterpart on the other edge of the disc is located around α 2000 = 00 h 39 m 49.80 s , δ 2000 = +41 d 13 ′ 39 ′′ . However it is not an extended structure like the external arm.
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• larger than those of the disc (Fig. 14) , with the exception of the region R > 34 kpc where both inclinations become very similar. The rotation velocities of the external arm are comparable with the disc rotation curve. No obvious stellar counterpart to the gaseous arm can be identified in the optical images of Ibata et al. (2005 Ibata et al. ( , 2007 because of their too high contrast.
Here again one may question about its origin. Internally driven perturbations are hardly possible because one would expect the creation of axisymmetric or bisymmetric features in the gas distribution (e.g. a bar, a ring or two spiral arms). The apparent isolated nature of the arm on one half of the disc and not on the other side rules out this hypothesis and points out to an external perturbation for its origin. It includes spiral arm triggering by tidal effects exerted by a companion or even gas accreted from a companion. This would be more consistent given the perturbed nature of the stellar distribution at large radius caused by tidal interactions with low mass satellites. Indeed the stellar halo of M31 is filled of stellar residuals from past interactions with smaller galaxies. M31 has currently two nearby bright satellites, M32 and NGC 205 at projected distances of ∼ 25 kpc and ∼ 37 kpc to the M31 nucleus. Both are expected to have interacted with M31. In a gas accretion scenario, one would need an efficient tidal stripping because both companions are devoid of gas. Block et al. (2006) simulated a head-on collision with M32 that could have occured 210 million years ago and have generated the ring-like morphology in the distribution of dust and gas. Howley et al. (2008) simulated an interaction with NGC 205 and found radial orbits at high velocity (up to 500 km s −1 ) for the small companion. According to the possible orbits from the models, we think the most likely impactor that generated the external arm could be NGC 205. The location of the perturbed external arm indeed coincides with the path of NGC 205 in the apparent far side of the galaxy (see Fig. 19 of Howley et al. 2008 ) while the M32 trajectory leads the compact elliptical close to the M31 centre along a polar orbit. Here again more detailed numerical simulations are needed to investigate the different possibilities and find the origin of this perturbation.
MASS DISTRIBUTION ANALYSIS
The mass distribution modeling of the galaxy is done by decomposing the total gravitational potential into a supermassive black hole, a luminous baryonic component and a dark matter component. It consists in fitting a dynamical model for the dark matter component to the observed rotation curve, taking into account the baryonic rotation curves. Two or three free parameters are fitted for the halo in addition to the stellar mass-to-light ratios for the bulge and galactic disc. These latter can be fixed under some assumptions described below.
The central supermassive black hole
Messier 31 is known to have a central supermassive black hole which mass can now be robustly constrained. The black hole contribution to the rotation curve remains negligible through the disc because of the point mass nature of its gravitational potential. A mass of 1.4 × 10 8 M ⊙ was derived using Hubble Space Telescope STIS spectroscopy of the nucleus (Bender et al. 2005) and is used in our study.
The luminous baryonic matter
The contribution of the luminous baryons to the rotation curve consists in stellar and gaseous components.
The stellar potential
The gravitational potential of the stars is decomposed into contributions from a bulge and a disc. These ones are derived from the R−band surface brightness profile of M31 (Walterbos & Kennicutt 1987 . Walterbos & Kennicutt (1987) . Filled symbols are the observations, a red dashed line is the adopted contribution of the disc to the surface brightness, a blue dotted line the adopted contribution of the bulge and a solid line the sum of both components. A green dashed line shows the fit of the exponential disc.
A bulge-disc decomposition of the surface brightness profile is done using an exponential disc contribution for the stellar disc plus a de Vaucouleurs R 1/4 law (de Vaucouleurs 1948) for the bulge contribution. However, the de Vaucouleurs law gives a bad result for the bulge contribution to the surface brightness profile because it significantly overestimates the intensity in the inner parts of the galaxy. A more robust bulge-disc decomposition is done using a generalized Sérsic R 1/n model for the bulge light (Sérsic 1963 (Sérsic , 1968 plus an exponential disc. In the Sérsic model, the intensity profile is written as
in which I e is the intensity at the effective radius R e defined as the radius that contains half of the total light and n a dimensionless index that measures the "curvature" of the luminosity profile. b n is a function of n and is defined as b n = 1.9992n − 0.3271 for 0.5 < n < 10 (Capaccioli 1989). The de Vaucouleurs law is thus a specific case of the Sérsic law for n = 4. The stellar disc intensity profile is fitted with the exponential disc formula (see e.g. Freeman 1970 )
where I 0 is the intensity at R = 0 and R d the scale-length of the disc.
The two components were fitted simultaneously to the brightness profile (Fig. 15) . The fitted bulge parameters are R e = (1.3 ± 0.1) kpc, µ e = (18.6 ± 0.1) mag arcsec (not corrected for foreground and internal dust attenuation) and n = 1.1 ± 0.1. The total apparent magnitude of a bulge for the Sérsic law is given by : (Graham & Driver 2005) , which gives a total uncorrected apparent magnitude of m Bulge ∼ 3.25 mag for M31. The fitted disc parameters are R d = (5.6 ± 0.1) kpc and a central surface brightness µ 0 = (19.0 ± 0.1) mag arcsec −2 (not corrected for foreground and internal dust attenuation nor inclination effects). This disc scalelength compares well with values fitted with the same dataset (Walterbos & Kennicutt 1987 . As seen in Fig. 15 , the adopted disc brightness profile is nevertheless not the fitted one, but the result of the subtraction of the fitted bulge contribution to the observed profile. This allows us to keep the stellar surface brightness as close as possible to the observed profile. Moreover, it enables us to keep the intensity variations of the disc that could reproduce wiggles in the rotation curve. The surface brightness profiles are then corrected from Galactic extinction (following Schlegel, Finkbeiner & Davis 1998) and for inclination effects (only for the disc profile) and for internal extinction as described in §8.2.2.
The mass-to-light ratios of the stellar component
Two free parameters of the mass models are the massto-light ratios of the bulge Υ Bulge and of the galactic disc Υ Disc , which are considered constant as a function of radius for the remainder. Models presented here also enable these parameters to be fixed. A relative approximation for them can be deduced from stellar population synthesis (SSP) models (e.g. Bell et al. 2003) , provided that a color is given.
The bulge color is B − R = 1.75 mag (Walterbos & Kennicutt 1988) , which gives a color of B − R ∼ 1.27 after correction for foreground and internal dust extinction effects. Here we have applied the reddening law for M31 derived by Barmby et al. (2000) , using a mean reddening factor E B−V = 0.24 mag (Williams & Hodge 2001) . This reddening law is relatively comparable with the one measured for the Milky Way. The corrected bulge massto-light ratio is Υ Bulge ∼ 2.2 M ⊙ /L ⊙ , following the prescriptions of Bell et al. (2003) . These authors indicate a r.m.s. scatter of the order of 25% on the mass-to-light ratios. An independent constraint of the bulge mass-tolight ratio can be obtained directly from measurements of the bulge effective stellar velocity dispersion, with the assumption that the dark halo has a negligible contribution to the velocity dispersion. The estimated dynamical mass of the bulge is M Bulge = 1.9 × 10 10 M ⊙ (Marconi & Hunt 2003) , which value becomes M Bulge = 2.4 × 10 10 M ⊙ after scaling to our adopted bulge effective radius. It implies a corrected dynamical mass-to-light ratio ratio of Υ Bulge ∼ 0.8 M ⊙ /L ⊙ . This is about 2.8 times lower than the ratio derived from SSP models.
The average disc color is B − R ∼ 1.6 mag, as derived from Walterbos & Kennicutt (1987) , giving a corrected color B − R ∼ 1.1 mag and a corrected disc mass-to-light ratio Υ Disc ∼ 1.7 M ⊙ /L ⊙ . When no correction from internal extinction is applied to the B − R colors, SSP models imply Υ Bulge ∼ 4.0 and Υ Disc ∼ 3.2. Our values of corrected and uncorrected Υ Disc are thus in good agreement with those estimated by Widrow & Dubinski (2005) or Geehan et al. (2006) .
Applying the same foreground and internal corrections as above (using A B = 0.67 mag, de Vaucouleurs et al. 1991) , the total bulge luminosity of M31 is L Bulge ∼ 2.9 × 10 10 L ⊙ in the R−band, which translates into a total corrected bulge mass of M Bulge ∼ 6.4 × 10 10 M ⊙ for the adopted Υ Bulge = 2.2. The deduced total luminosity of the disc (also corrected for inclination) is L Disc ∼ 4.2 × 10 10 L ⊙ , corresponding to a total corrected stellar disc mass of M Disc ∼ 7.1 × 10 10 M ⊙ for the adopted Υ Disc = 1.7. The total inferred stellar mass is M ⋆ ∼ 1.35 × 10 11 M ⊙ . SSP models thus infer disc and bulge masses comparable with each other, which is somewhat unexpected for a high surface brightness galaxy (Courteau & Rix 1999) . If one uses the dynamical value Υ Bulge = 0.8 instead of the SSP value, then the total stellar mass becomes M ⋆ ∼ 9.5×10 10 M ⊙ , making the bulge-to-disc mass ratio falling down to 34%, which seems more realistic.
Infrared surface photometry
Determining mass-to-light ratios for galaxies in the 3.6 µm band from stellar synthesis models is not an easy task because no straightforward recipe exists at this wavelength, contrary to optical bands.
We have attempted to derive stellar mass-to-light ratios and masses from observations performed with the SPITZER-Infrared Array Camera at 3.6 µm . However no realistic stellar masses and massto-light ratios could be estimated, using either the formalism developed in de Blok et al. (2008) that derives mass-to-light ratios from the Large Galaxy Atlas of the Two Micron All Sky Survey (2MASS) J − K bulge and disc colors, or the average values of bulge and disc massto-light ratios inferred for seven barred and unbarred Sab, Sb and Sbc spirals from the THINGS galaxy sample of de Blok et al. (2008) . Such values both lead to either a too large total stellar mass or a too massive bulge compared with the disc. As a consequence mass distribution models have been fitted using the only R−band photometry for clarity and simplicity reasons.
The gaseous disc potential
The contribution to the rotation curve from the gaseous component is derived from the H 2 and Hi surface densities. The H 2 surface density is taken from the CO gas survey of Dame et al. (1993) , after scaling to our adopted distance. The total molecular mass is ∼ 3.5×10 8 M ⊙ . The Hi surface density profile is determined by averaging the total Hi emission over elliptical rings which orientations are given by the tilted-ring model described in section 5.1.
The Hi surface density profile is displayed in Figure 16 , for the total Hi distribution and for the principal emission component (the one that served to build the velocity field). The profile of the total Hi distribution is listed in Tab. 5. It has been derived using orientation parameters of Fig. 9 and Tab. 5. No correction due to the overlap from the warp emission has been applied to the density profile because no 3D model of the datacube has been attempted in this article. It has no consequences on the following result because of the very low induced amplitudes of the atomic gas rotation velocities.
The majority of Hi gas is located between R = 7 kpc and R = 18 kpc, which corresponds to the location of the brightest "rings". Peaks are also observed in the inner region, in agreement with the locations of other inner ring-like structures. The rotation curve of the atomic gas component is then derived after scaling the density profile by a factor of ∼ 1.3 in order to take into account the helium contribution. The contribution of the atomic gas to the overall rotation curve is very low and does not exceed ∼ 70 km s −1 . As the mass of the molecular gas is only ∼ 8% that of the total atomic gas, its contribution to the rotation curve is also very low (∼ 15 km s −1 at maximum) and comparable with the velocities due to the black hole at the largest distances. The mass-to-light ratios of the molecular and atomic components are kept fixed during the fittings (Υ gas = 1).
8.3. The dark matter halo potential Three different halos are fitted in this study. A first model is associated with a pseudo-isothermal sphere while two other models are cosmological halos as their density profile is derived from Cold Dark Matter (CDM) numerical simulations. No attempts to fit the mass distribution in triaxial models were done as all models consider a spherical halo. Also, no attempt to model an adiabatic contraction of the dark halo in its central parts was done (Dutton et al. 2005 ).
8.3.1. Navarro-Frenk-White halo Navarro, Frenk & White (1996 , 1997 were among the first ones to propose a formalism that was fitted to results from numerical simulations done in the framework of the CDM theory. They found a halo shape that is independent of the halo mass, which is why this halo is often referred to as the "universal" halo. The mass density profile is steep (cuspy) as it scales with R −1 at low radius and is written as
where ρ crit = 3H 2 0 /(8πG) is the critical density for closure of the Universe, δ c represents a characteristic density contrast and R s a scale radius. The circular velocity profile corresponding to this halo allows to fit two parameters, V 200 , the velocity at a the virial radius R 200 , and c = R 200 /R s , a concentration parameter of the halo, to the observed rotation curve, and is written as :
In this equation, x = R/R 200 . This model is referred to as the "NFW" model or NFW halo hereafter. et al. (2005, 2006) used more recent ΛCDM numerical simulations to model the mass density profile of dark halos and found that they can be fitted with a three-parameter model. The density is written as
Einasto halo
Merritt
This relation is very similar to the expression of the luminosity profile for elliptical galaxies and bulges of galaxies (Eq. 1), with the difference that the Sérsic formula applies to the (projected) surface distribution of light from galaxies whereas Eq. 6 applies to the spatial distribution of the halo mass. Like in Eq. 1, n is a dimensionless parameter which measures the "curvature" of the density profile, d n is a function of n and can be approximated by d n ≈ 3n − 1/3 + 0.0079/n , provided that n 0.5. Here, ρ e is the density at the effective radius R e defined as the radius of a sphere in which half of the total halo mass is contained.
The mass profile of the Einasto halo (Cardone, Piedipalumbo & Tortora 2005; Mamon & Lokas 2005; Merritt et al. 2006 ) is written as
Here γ(3n, x) is the incomplete gamma function defined as
Merritt et al. (2006) and Graham et al. (2006) refer to this model as the Einasto halo due to the early works made by Einasto (1965 Einasto ( , 1968 Einasto ( , 1969 and Einasto & Haud (1989) on the light and mass distributions of galaxies, independently from those of Sérsic (1968) . Simulated empirical galaxy-sized halos have typical values n = 5−7 (Tab.1 of Merritt et al. 2006) , log(ρ e ) ∼ −5.5 (M ⊙ pc −3 ) and r e of several hundreds of kpc. Hereafter, this model is referred to as model "EIN" or Einasto halo.
Core-dominated halo
A halo having a volumic mass density which is constant at low radii is often referred to as a core dominated halo or a (pseudo-)isothermal sphere. Several formalisms exist to describe such a halo shape (Blais-Ouellette, Amram & Carignan 2001 , and references therein) and the following prescription is used :
where ρ 0 and R c are the central mass density and the core radius of the halo. These are the parameters that are fitted to the rotation curve. This dark halo was used in Carignan et al. (2006) . The volumic mass density decreases at large radius like ρ ∝ R −3 , exactly as for the NFW halo. We refer to this halo as the "ISO model" and pseudo-isothermal or core halo. 
2).
We have also considered best-fit models ("BF") for both photometric bands, which have free halo and stellar parameters. Only one plot is shown for this model given that they lead to either very unconstrained parameters (e.g. the core radius), or too massive stellar disc (the so-called "maximum disc" fitting) or unphysical models (e.g. null mass-to-light ratios). This later result is not acceptable for a high surface brightness galaxy like M31 and has to be rejected. Results of best-fit models are listed in Tab. 4 and are only used to provide a very upper limit of the total stellar mass of M31.
A usual normal weight is applied to the data points as the inverse of the square of the velocity uncertainties. Several tries are done with different sets of initial guesses in order to avoid as much as possible local minima. Furthermore, a constraint is applied to the mass densities which have to be positive in order to avoid hollow halos. Another final constraint is for the quantity n of the Einasto halo, which has to be larger than or equal to 0.5 because of the definition of d n . The basic results can be summarized as:
• The reduced χ 2 r are high, it is impossible to reproduce the exact perturbed shape of the rotation curve.
• The rotation velocities in the nucleus are not reproduced. It is expected since this region has a very negligible weight in all fittings because of the large observed uncertainties.
• All models with a fixed Υ Bulge = 2.2 significantly overestimate the dip at 4 kpc, sometimes with a velocity difference of up to 60 km s −1 , as seen in the top-left panel of Fig. 17 .
• Hybrid models with a fixed Υ Bulge = 0.8 gives better results than pure SSP models.
• For each of the HYB and SSP model, the quality of the fit is equivalent whatever the shape of the dark matter halos is.
8.6. Analysis High χ 2 r values are in majority caused by the peculiar shape of the high resolution rotation curve, which is hard to reproduce irrespective of the halos and mass-tolight ratios used during the fittings. From a statistical point-of-view, the derived χ 2 r combined with about 95 degrees of freedom indicate that the difference between the rotation curve and each dynamical model is extremely significant, so that it could be tempting to reject any mass distribution models. However the purpose of this discussion is not to claim that the ultimate dark matter halo of M31 has been found, but rather to put basic constraints on its parameters and to provide a summary of the dynamical content of the galaxy.
Mass-to-light ratios
We first discuss the results from SSP and HYB models. The worst results from all purely SSP models are evidence that a color-based mass-to-light of 2.2 for the bulge has to be ruled out by the present observations unless the measured rotation curve is completely uncorrect within R = 5 kpc ,which is hard to imagine. The bulge is indeed too massive in the SSP model, as seen in the top-left graph of Fig. 17 .
The bulge in hybrid models still overestimates the 4 kpc dip, but the difference is not as significant as for the SSP models. Are stellar synthesis models compatible with Υ Bulge = 0.8? Reconciling them with Υ Bulge = 0.8 would require a dust-free color B − R ∼ 0.62 mag and an intrinsic reddening E B−R ∼ 1 mag towards the direction of the M31 bulge. However this value is 0.65 mag larger than the one adopted here. The global reddening law for M31 has been obtained by averaging data from many line-of-sights and having different dust content (see eg Fig.8 of Barmby et al. 2000) . In view of the upper limits allowed by the uncertainties on E B−R and E B−V (as quoted in Barmby et al. 2000 and Hodge 2001) and of the spatial distribution of the (largest) observed reddening factors (E B−V > 0.4 mag), which are not really concentrated in the bulge of M31 but rather in the disc dust lanes, one can hardly argue that large reddenings (E B−R > 0.7 mag) are likely in the direction of the bulge of M31. The adopted extinction law and galaxy color thus seem realistic. Even by taking into account a lower value Υ Bulge ∼ 1.6, as allowed by the uncertainties on B − R and on the population synthesis models, the fit would remain of bad quality (χ 2 r = 22.4 with the pseudoisothermal halo for instance). Notice that Υ Bulge ∼ 1.6 still remains at odds with the dynamical value inferred from velocity dispersion measurements. We are thus left at first sight to question about the validity of the stellar population synthesis models of Bell et al. (2003) for the bulge of M31. We do not know the implications of a fine tuning of ingredients of stellar synthesis models on the stellar evolution of a bulge with Υ Bulge ∼ 0.8. A further analysis should be conducted to study this problem.
Adopting Υ Bulge = 0.8 as the most likely value implies a bulge mass-to-light ratio ∼ 2.1 lower than the disc one. The stellar disc of M31 is massive but sub-maximum. At a radius R = 2.15R d ∼ 12 kpc, which is the location of the peak velocity of an exponential disc, the ratio of the stellar disc velocity to the rotation curve is ∼ 45% for Υ Disc = 1.7. Notice that the ratio of the total bulge+disc velocity to the rotation curve rises to ∼ 54%, which still shows that the stellar component is sub-maximum. Figure 17 shows that the dark matter component dominates everywhere the mass of the stellar disc, and more importantly for ΛCDM halos.
One would need Υ Disc ∼ 4.8 for the galaxy to be exactly 75% of the maximum disc. This is the reason why the best-fit models correspond to the maximum disc hypothesis because they provide the largest mass-to-light ratios. There is no real concensus on the nature of discs to be maximum or sub-maximum since all trends are found in the observations and/or the numerical simulations (e.g. Bottema 1997; Courteau & Rix 1999; Weiner, Sellwood & Williams 2001; Kassin, de Jong & Weiner 2006; Zánmar Sánchez et al. 2008) . A point to notice here is that the population synthesis result seems not to correspond to the maximum disc solution, even though in general both assumptions are thought to be tightly linked (Bell & de Jong 2001) . The upper limit of the total stellar mass implied by the BF models is 2.75 × 10 11 M ⊙ . Those masses strongly differ from other stellar mass estimates of M31. Notice that BF models give either unconstrained core radii or no stellar components, as seen in Tabs. 4. The concentration and circular velocity of the NFW halo are also not consistent with expectations of similar M31-sized halos from CDM simulations (Bullock et al. 2001; Neto et al. 2007 ). For all these reasons, the results of BF models are rejected in the following of the analysis.
A total stellar mass of M ⋆ = (9.5 ± 1.7) × 10 10 M ⊙ is derived using Υ Disc = 1.7 and Υ Bulge = 0.8 and a conservative 25% uncertainty in the disc mass-to-light ratio. The comparison with results of mass distribution modelings of M31 from other works (Kent 1989; Widrow, Perrett & Suyu 2003; Geehan et al. 2006; Tempel, Tamm & Tenjes 2007 ) is limited because uncorrected colors or other different photometric bands have been used for deriving the stellar mass-to-light ratios as well as different rotation curves. An interesting result raised by Widrow, Perrett & Suyu (2003) is that most of their numerical models point out to a higher disc mass-to-light ratio than the bulge one, which is consistent with our current analysis. However Geehan et al. (2006) deduce a higher bulge mass-to-light ratio than for the disc (3.9 and 3.3 respectively), as well as Tempel, Tamm & Tenjes (2007) . The total stellar mass compares very well with those inferred by Widrow, Perrett & Suyu (2003) , Geehan et al. (2006) or Barmby et al. (2007) , but is higher than in Tempel, Tamm & Tenjes (2007, ∼ 7.5 × 10 10 M ⊙ ). Widrow, Perrett & Suyu (2003) arrive at the conclusion that the disc mass is < 8 × 10 M ⊙ for the bulge. The disc mass we deduce agrees with their results within the uncertainties while the bulge only agrees well with Widrow, Perrett & Suyu (2003) . It is worth notifying that the stellar mass quoted in Carignan et al. (2006, 2. 3 × 10 11 M ⊙ ) is too high compared with all other estimates. This result is likely attributed to the too large contribution of the bulge and to the use of the best-fit/maximum disc hypothesis in our previous mass distribution model.
The dark halo of M31
The only valid hybrid models are used to discuss the basic parameters of the dark halo. We do not aim at determining an exact density shape of the dark halo of the Andromeda galaxy (core versus cusp). We only notice that CDM models describe slightly better the mass distribution than the ISO model. However this result is not really significant due to the high inferred χ 2 . The parameters of the Einasto halo are in good agreement with those of empirical galaxy-sized halos modelized in numerical simulations . The effective radius R e is large and not well constrained. Actually, the Einasto model does not help to improve the quality of the fit, though it has one more free parameter than ISO or NFW models.
The concentration parameter of the NFW model is c = 20.1 ± 2.0. This value is consistent with the one expected for M31-sized halos in numerical simulations (8 < c < 20 Bullock et al. 2001; Neto et al. 2007) . It is 2.5 times lower than the one derived by Seigar, Barth & Bullock (2008) , who used a rotation curve for the dynamical analysis as well.
Dynamical content summary
The dynamical content of M31 is calculated by averaging results from the hybrid model of the NFW halo. The total dynamical mass enclosed in the inner 38.1 kpc of M31 at the last measured data point of the Hi rotation curve is M Dyn = (4.7±0.5)×10
11 M ⊙ . It represents the sum of the dark component and baryonic masses. It implies a dark-to-baryonic mass ratio of M Dark /M Baryon ∼ 3.7 (79% of dark matter), and a total dynamical mass-tolight ratio M Dyn /L tot ∼ 6.7. Here M Baryon represents the sum of the black hole, gaseous and stellar masses, M Dark the dark matter mass and L tot the total stellar luminosity in the R−band, all values integrated within R = 38.1 kpc. The atomic and molecular gas to stellar mass fraction is M HI+He+H2 /M ⋆ = (6.2 Many works reported estimates of the total mass of M31 using different observational techniques to probe its potential. For instance a value of 2.8 × 10 11 M ⊙ inside 31 kpc has been derived by from planetary nebulae radial velocities. Recent singledish measurements of the rotation curve out to ∼ 35 kpc led Carignan et al. (2006) to the conclusion that a total mass of 3.4 × 10 11 M ⊙ was enclosed inside this radius. These values are somewhat smaller than the new mass derived inside 38.1 kpc. As for its total mass have used radial velocities of fifteen dwarf satellites of M31 to estimate a value of 7.0 11 M ⊙ from planetary nebulae, globular clusters and galaxy satellites radial velocities measurements inside a very large distance to the M31 nucleus (550 kpc). More recent studies of the kinematics of several substructures located in the giant stellar halo surrounding M31 help getting more information about the total mass of the galaxy. Among others, Ibata et al. (2004) measure the kinematics of stars inside the Giant Stream and model their orbits within a universal NFW profile. They deduce a total mass of 7.5 +2.5 −1.3 × 10 11 inside 125 kpc, for a lower limit of 5.4 × 10 11 M ⊙ . With more kinematical data of RGB stars from the stellar halo, the same team indicates a higher virial mass > 9 × 10 11 M ⊙ ). In the same time, numerical simulations of the merger with the Giant Stream progenitor indicate a best-fit mass of (7.4 ± 1.2) × 10 11 M ⊙ within 125 kpc , very close to the result of Ibata et al. (2004) . Analyses of compilations of a lot of kinematical data (rotation curves and/or velocity dispersion profiles of the M31 disc) allowed Geehan et al. (2006) to constrain a mass of 7.1 × 10 11 M ⊙ , 10.7 × 10 11 M ⊙ inside 400 kpc for Tempel, Tamm & Tenjes (2007) . Finally, Seigar, Barth & Bullock (2008) find a virial mass of (7.3 ± 0.2) × 10 11 M ⊙ for their NFW model of another composite rotation curve of M31. Our new extrapolated virial mass is thus in good agreement with the upper limits provided by Ibata et al. (2004) and Chapman et al. (2006) .
CONCLUSION
A new deep Hi mapping of Messier 31 obtained at DRAO has been presented. It combines single dish antenna and high resolution synthesis telescope observations. The high spectral resolution of the observations show evidence that the most important contamination by the Milky Way Hi is done by a spectral component at ∼ −40 km s −1 . The main results from the analysis of the neutral gas distribution, kinematics and dynamics are :
• Up to five Hi peaks are detected in spectra of the M31 disc, though the detection of four or five peaks remains very rare. The majority of M31 spectra exhibit a maximum of two Hi lines. The origin of all these additional lines may be internal (projection effects of gas in the warped part of the disc and in inner unresolved spiral arms, expanding clouds in star forming regions) and/or external (extraplanar gas).
• Ring-like and spiral-like structures are observed in the gas distribution. This is consistent with previous Hi images of M31.
• New Hi structures are revealed in the outskirts of the disc. First, thin extensions (called the Hi spurs) are seen to the North-East and South-West. Their size is ∼ 7−10 kpc. Evidence for velocity gradients in those structures are presented. Then a faint, extended (32 kpc) and outer Hi structure (called the external arm) is discovered. Contrary to every Hi structures identified within the field-of-view, it has no morphological nor kinematical counterpart in the opposite side of the galaxy. Its peculiar kinematics can be explained by a ∼ 10
• larger inclination and position angle than those of the disc. One of the Hi spur appears as a genuine kinematical extension of that external arm.
• A tight relationship is evidenced between the Hi spurs and perturbed stellar structures (the "G1" and north-eastern clumps). As possible radial outflowing motions are detected in the Hi spurs, we argue that the perturbed stellar and gaseous outskirts are being torn from the M31 disc. Furthermore the external arm could be the vestige of a past tidal interaction, or even perhaps gas accretion onto the M31 disc.
• The rotation curve is peculiar. In particular it shows a central velocity dip at 4 kpc and a rising shape in its outer part. A peak up to 340 km s −1 is observed within the inner 2 kpc. Except for the inner regions, the axisymmetry of the gas rotation between the two disc halves is very good. The rotation velocity uncertainties are mostly below 10 km s −1 .
• Between R = 6 kpc and R = 27 kpc a mean inclination of (74.3 ± 1.1)
• is derived for the Hi disc of M31, for a mean position angle of (37.7 ± 0.9)
• . A prominent Hi warp is detected inside R = 6 kpc, where the disc appears less inclined, while another external warp detected beyond R = 27 kpc makes the disc being less inclined and then more inclined. The disc tilting is accompanied by a twist of the kinematical major axis.
• The peculiar shape of the rotation curve is hardly reproduced by mass distribution models. The central velocity dip cannot be modelled by any fittings. The bulge mass-to-light ratio deduced from colorbased stellar synthesis models appropriate. A value close to the expected one from stellar velocity dispersion measurements provides better results.
• A total stellar mass of M ⋆ = (9.5 ± 1.7) × 10 10 M ⊙ is found. A dynamical enclosed mass of M Dyn = (4.7 ± 0.5) × 10 11 M ⊙ is derived at the last measured radius of the rotation curve (R = 38 kpc). A dark-to-baryonic mass ratio of ∼ 4 and a total gas-to-stellar mass fraction of (6.2 +1.3 −1.0 )% are also derived inside that radius. The total mass of M31 extrapolated to its virial radius (R = 159 kpc) is M Vir ∼ 1.0 × 10 12 M ⊙ . Both these values are consistent with those given by other works using other dynamical tracers or methods. Several future works should be conducted with these data. A first crucial point will be to investigate the origin and evolution of the perturbed Hi outskirts -the external arm and spurs. With the help of future N-body and hydrodynamical simulations, the Hi kinematics should put new constraints on the mass assembly of M31. A second challenge will be to understand the origin of the peculiar velocities in the central 4 kpc. The perturbed velocities are related to the presence of the inner warp, which has perhaps been generated by an interaction with the small companion M32 (F. Combes & F. Bournaud, private communication) and/or by the bar/boxy bulge perturbation. Another work will focus on a 3D modeling of the datacube in order to study the origin of the gas components which are seen in addition to the warped disc of M31. Whether M31 contains the "anomalous" gas from a lagging halo, as it is observed in recent deep Hi observations of other galaxies, is a question that should be addressed in such a model.
These new results obtained for M31 could only be obtained by a combination of deep exposures with high spectral resolution measurements. The quest of understanding the formation and evolution of M31 should benefit from such deep observations. We expect that future radio observatories like the Square Kilometre Array (in 2016) and its australian and south-african precursors (in 2013) will renew the vision we have of the outer Hi distribution and dynamics for millions of galaxies in the local Universe. For the first time they will also allow to trace the evolution of the atomic gas as a function of redshift and thus the growth of the baryonic mass of Milky Wayand M31-like galaxies.
TABLE 4
Mass model results using the R−band photometry.
TABLE 5
Hi rotation curve, surface density, disc inclination and position angle from tilted-ring model results.
